La 2 O 2 S:Er 3+ ,Yb 3+ nanocrystalline up-converting phosphors were synthesized by a combustion method at low temperature, using ethanol as pre-ignition fuel and thioacetamide as sulfurizing agent and organic fuel. The phosphors were characterized by powder X-ray diffractometry, scanning electron microscopy, UV/Vis/NIR spectroscopy and fluorescence spectroscopy. Pure and well-crystallized La 2 O 2 S:Er 3+ ,Yb 3+ nanoparticles, of the order of 50-200 nm, are obtained after a post-treatment in a H 2 S/N 2 flow for 2h at 1000°C. The efficient energy transfer from Yb 3+ to Er 3+ results in a strong up-conversion upon excitation at 980 nm. The emission spectra show the intense green emissions corresponding to the ( 2 H 11/2 , 4 S 3/2 ) → 4 I 15/2 transitions and a red emission corresponding to the 4 F 9/2 → 4 I 15/2 transition. Additionally, within the investigated codoping concentrations, no significant concentration quenching effect and back energy transfer from Er 3+ to Yb 3+ were evidenced. This research highlights the influence of the sulfurization treatment on the purity/crystallinity/morphology of the nanocrystals and the luminescence efficiency.
Introduction
Over the past decade, up-conversion has attracted intense research interest for its potential applications in biomedical imaging [1] [2] [3] [4] and wavelength converters for solar cells [5, 6] . Besides a good chemical stability, a basic request for the host material is that its phonon energy is low since up-conversion efficiency is determined by the nonradiative relaxation. Most commonly used host lattices so far are halides and oxides. Halides such as fluoride-based Up-Conversion NanoParticles (UCNPs) (e.g. NaYF 4 :Er,Yb) have been identified as ones of the most efficient up-conversion phosphors due to their low phonon vibration energy (<400cm -1 ). However, their toxicity and air-sensitivity have limited their industrial applications. On the other hand, oxidebased lattices have better chemical stability but they suffer from relatively high phonon energy (>500cm -1 ) [7, 8] . Rare-earth oxysulfides (R 2 O 2 S) are well known for their potential applications as luminescent host materials. For instance, rare-earth doped R 2 O 2 S oxysulfides are effective phosphors such as the red emitter under cathode-ray excitation (e.g. Y 2 O 2 S:Eu) applied in TV field [9] and are also extensively studied as laser materials in the form of single crystals [10, 11] or ceramics [12] . Considering their relatively low phonon energy (∼500cm -1 ) due to sulfur atoms, good chemical/thermal stability due to oxygen atoms and low toxicity [8, 13] , mixed-anions materials like rare-earth oxysulfides are therefore promising hosts for up-conversion. They combine many favorable properties, especially for biomedical imaging which requires a stable material and a transparency of the host material in the visible to avoid overlapping luminescence.
Conventional phosphors for biomedical imaging, such as quantum dots, gold nanoparticles, organic fluorophores and luminescent transition metal complexes present important drawbacks like low photostability, autofluorescence, limited detection sensitivity and cytotoxicity [14, 15] .
In contrast, inorganic lanthanide-doped UCNPs offer the advantage of being photoexcitable in the NIR, rather than in UV, where the auto-absorption of biological tissue is weak, thereby significantly minimizing background autofluorescence and allowing higher detection sensitivity [7] . In addition these phosphors offer a deeper NIR light penetration into biological tissue causing less photodamage to DNA/RNA of the biological samples due to lower excitation light energy, an improved stability against photobleaching, photoblinking and photochemical degradation and a lower cytotoxicity [16] .
The Er 3+ -Yb 3+ couple is an effective up-conversion couple in which the energy transfer was demonstrated for the first time in 1966 by Auzel in CaWO4 [17, 18] . Up-conversion can take place through direct (resonant) energy transfer from Yb 3+ to Er 3+ . Energy levels of Er 3+ having sufficiently large gaps to the next lowest level together with long-lived excited states make radiative relaxation more likely than multiphonon relaxation [19] .
The conventional way to prepare R 2 O 2 S is the solid state reaction with or without flux agent [13, [20] [21] [22] [23] [24] [25] . Reduction of rare-earth oxysulfates under hydrogen-helium mixture or sulfurization of rare-earth oxides or other precursors (e.g. carbonates) under H 2 S, CS 2 or S vapor can also lead to R 2 O 2 S [26, 27] . However, all the above methods involve high temperatures and long-term annealing and thus produce coarse powders. To meet the increasing requirement of high resolution display and high quantum efficiency, R 2 O 2 S nanocrystals are needed [28, 29] . These "nano-techniques" include: i) solvothermal pressure-relief process in ethanol media [30] , ii) gelnetwork coprecipitation method using gelatin as the template and ammonium sulfate as the sulfurizing agent at relatively low temperatures (750°C) in a H 2 atmosphere [31] , iii) two step sol-gel polymer thermolysis method [32] , iv) and combustion method [33] [34] [35] [36] [37] [38] .
Among these nano-techniques, the combustion synthesis technique offers the possibility to produce homogeneous, crystalline, multi-component, fine powders at considerably lower temperatures and with significantly reduced processing time (in a few minutes or even seconds).
However, the fast reaction rate usually reduces the crystallinity of the products and introduces residual byproducts that are detrimental for the luminescence. A suitable post-treatment is often required to eliminate these occurrences without inducing uncontrollable crystal growth.
The objective of this study is therefore to investigate the synthesis of nanocrystalline Er 3+ ,Yb 3+ activated La 2 O 2 S by combustion method and evaluate their up-conversion efficiency.
To the best of our knowledge, we report, for the first time, the preparation of La 2 O 2 S:Yb,Er upconverter phosphors via a combustion method. A sulfurization post-treatment was carried out under H 2 S/N 2 flow. Its effects on morphology, composition and luminescence properties of the phosphors were studied.
Experimental

Preparation of Yb 3+ ,Er 3+ co-doped lanthanum oxysulfide
The starting materials La(NO 3 ) 3 The solution was heated below 80°C to allow the dissolution of thioacetamide. The preparation was then introduced into a muffle furnace (Thermolyne 48000) pre-heated to 500°C.
The ignition of ethanol first produced a yellow flame getting through the chimney of the furnace for few minutes. Then, a quick second flame due to the exothermic decomposition of the organic fuel took place, leading to a temperature increase and the reaction between the precursors. The beaker was kept at 500°C after the reaction for a few minutes to obtain a homogeneous white powder. The as-prepared powder was then ground and treated in a tubular furnace under H 2 S/N 2 (10:90) flow at 1000°C for 2 hours.
Characterizations
X-ray diffraction (XRD) patterns were recorded at room temperature in the 2θ range 10-70° with a step size of 0.026° and a scan time per step of 40 s using a PANalytical X'Pert Pro diffractometer (CuKસ radiation, Ȝ=1.5418 Å, PIXcel 1D detector). Data Collector and HighScore Plus softwares were used, respectively, for recording and analysis of the patterns. The powder XRD patterns for Rietveld refinements and crystallites size estimations were recorded at room temperature in the 2θ range 5-120° with a step size of 0.026° and a scan time per step of 400 s. All calculations were carried out with Fullprof program [39] . The pseudo-Voigt profile function was used and the background was approximated by linear interpolation between a set of background points. The lattice parameters were obtained from Rietveld refinements considering the space group P 3 ¹ m1 (N°164). Sulfur, oxygen and lanthanides atoms were positioned at the 1a (0, 0, 0), 2d (1/3, 2/3, z § 0.63) and 2d (1/3, 2/3, z § 0.28) atomic positions respectively with full site occupancy as starting parameters for the refinement for all analyzed samples [40] . Lanthanum, Erbium and Ytterbium were considered occupying the same crystallographic site with respective site occupancies calculated from the initial doping amount in Er 3+ and Yb 3+ . The same thermal parameter was applied for all lanthanide atoms and the site occupancies were not refined. The estimated standard deviations (ESD) were corrected using the Berar and Lelann coefficient calculated from the structure refinement [41, 42] . For each sample, the average crystallites sizes were estimated from a global profile fit without structural constraints (Le Bail) on the whole diffraction pattern (6° < 2ș < 120°) using the elementary pseudo-Voigt function (PV), the Gaussian approximation and the following Scherrer equation (1) [43] :
where B L is the crystallite sizes contribution to the integral width and <L> is the average size of the crystallites.
The Fourier transform infrared (FTIR) transmittance spectra were recorded between 400 and 4000 cm -1 using the spectrometer Nicolet 380 (FT-IR of Thermo Electron Corporation) and treated with OMNIC software. For these measurements, the sample powders were diluted in KBr pellets.
Thermogravimetric analyses (TGA) were carried out in a SDT 2960 TA instrument. The powdered samples were heated to 1000°C in a Pt crucible in flowing N 2 (1.8L/h) at a heating rate of 10°C.min −1 . The low N 2 flow rate was used to prevent deposition on the furnace walls during the heat treatment; its influence on the oxidation levels of the samples is negligible.
The grain size and morphology of the samples were observed by scanning electron microscopy (SEM) using a JEOL JSM-6301F equipment.
The transmittance spectra were recorded in KBr pellets (8 weight% 
Results and discussion
Materials characterization
The experimental results evidenced that lanthanum nitrate reacts very fast (in a few seconds) with thioacetamide, producing a white powder. The XRD patterns of the powders with different doping concentrations are very similar, so that only the XRD patterns of La 2 O 2 S:Er 0.1 Yb 0.04 powders before and after sulfurization are presented in Fig. 1 . Table 2 . Final Rietveld refinement patterns and atomic parameters are presented in Fig. 2 and Table 3 for the undoped sample La 2 O 2 S:1%Er,0%Yb and in Fig. 3 and Table 4 for the doped sample La 2 O 2 S:1%Er,3%Yb. The typical FTIR transmittance spectra of the powder before and after treatment under H 2 S/N 2 were recorded from 400 to 4000 cm -1 and presented in Fig. 5 . The as-prepared powder spectrum shows strong absorption bands at 3300-3610 cm -1 and 1630 cm -1 , characteristics of ν 3 asymmetric and ν 1 symmetric stretching and ν 2 bending modes of the H 2 O molecule, revealing the presence of water [45, 46] . The stretching vibrations of sulfate groups, observed at 560-700 cm -1 and 1000-1250 cm -1 , could be attributed to oxysulfate La 2 O 2 SO 4 previously identified by XRD [47] . Another large band can be observed around 1350-1580 cm -1 due to C-O band [48] . It indicates the presence of CO 2 adsorbed on La 2 O 2 S particles surface, as already observed for similar compositions [49] . Finally, absorption peaks at 400-550 cm -1 can be attributed respectively to La-O and La-S vibration bands [34] . All the characteristic absorption bands of H 2 O, SO 4 and CO 2 observed in the as-prepared powder are removed after sulfurization.
The general TGA thermogram of all studied samples is presented in Fig. 6 Fig. 9 shows the UPL spectra of the whole batch of sulfurized La 2 O 2 S:Yb 3+ ,Er 3+ with excitation at 980 nm. It can be seen that the UPL spectra present an up-conversion luminescence phenomenon as first reported by Auzel. This UPL by Yb 3+ -Er 3+ is termed as energy transfer upconversion (ETU), where a host with low phonon energy is required in order to impair the fast non-radiative relaxation of the first excited state (the Er 3+ 4 I 11/2 level). The appearance of UPL in our samples is ascribed to the low phonon energy of La 2 O 2 S whose maximum is 500 cm -1 [8] . The energy level diagram in Fig. 10 schematizes the mechanism of UPL in our samples. Nearinfrared radiation is absorbed by Yb 3+ ( 2 F 7/2 → 2 F 5/2 ) and transferred to the Er 3+ ion, so that its 4 I 11/2 level is populated. During the lifetime of the 4 I 11/2 level, a second photon is absorbed by Yb 3+ and the energy is transferred to Er 3+ raising the latter from the 4 I 11/2 level to the 4 F 7/2 level.
Transmission, UPL spectra and decay curves
Then, it decays rapidly and non-radiatively to the 2 H 11/2 level from which a green emission occurs ( 2 H 11/2 → 4 I 15/2 ). A second non-radiative transition to the 4 S 3/2 level appears, leading to a second green emission ( 4 S 3/2 → 4 I 15/2 ). Another emission, less intense, exists also in the red due to the transition between the 4 F 9/2 → 4 I 15/2 levels. Two main processes can occur which populate the 4 F 9/2 (Er 3+ ) energy level and result in the red emission. One mechanism is the non-radiative transition from 4 I 11/2 energy level to 4 I 13/2 energy level, followed by the absorption of a 980 nm photon which will excite an electron from the 4 I 13/2 level to the 4 F 9/2 level. A second mechanism will be several de-excitations of an electron from an upper level, as for example, the 4 F 7/2 level to the 4 F 9/2 level. In a low phonon energy host such as La 2 O 2 S, the non-radiative transition can be suppressed. As a result, the relative intensity of the red emission is smaller than the green emissions in our samples. The Yb 3+ concentration dependence of the intensity of the emission peak around 548 nm is studied ( Fig. 11 ). Even though the UPL from 980 nm can take place in the samples singly-doped with Er 3+ (not observed in our samples), a significantly more intense UPL can be achieved by Yb 3+ -Er 3+ co-doping. It is owing to the large absorption cross-section of the Yb 3+ at 980 nm, as shown in Fig. 8 , and to the effective energy transfer from the sensitizer (Yb 3+ ) to the activator (Er 3+ ). It can be seen on Fig. 9 and Fig. 11 that the intensity of UPL increases with the concentration of Yb 3+ . In order to increase the efficiency of the ETU process, the activator ions Er 3+ should be surrounded by as many sensitizer ions Yb 3+ as possible. However, the dopant ions must be diluted with a sufficient number of inactive ions (La 3+ in the host material) to limit energy migration from active ions to killer traps, which cause quenching of the desired luminescence. According to UPL spectra, the concentration quenching effect of the sensitizer is not significant in our samples since no decrease of emission intensity is observed even in the sample with highest Yb 3+ doping concentration. The decay curves of the Er 3+ 4 S 3/2 level are measured under the excitation at 380 nm in order to observe the possible de-excitation from the level 4 S 3/2 (Er 3+ ) to the level 2 F 5/2 (Yb 3+ ) ( Fig. 12 ). The decay curves show a quasi-linear behavior indicating a limited back energy transfer from Er 3+ to Yb 3+ . The integral average lifetime of the Er 3+ 4 S 3/2 level is calculated from the decay curves ( Fig. 13 ). With the increase of Yb 3+ concentration, the lifetime of the Er 3+ 4 S 3/2 level remains almost constant. It indicates that when the Yb 3+ concentration is less than 4 mol%, the non-radiative relaxation rate of the Er 3+ 4 S 3/2 level concerned with Yb 3+ concentration is limited.
It is ascribed to the fact that the energy transfer from the Er 3+ 4 S 3/2 level back to the Yb 3+ 2 F 5/2 level is not efficient, which has been recently pointed out in NaYF 4 /Er,Yb [51] . 
where A e (Fig. 14) and A a (Fig. 15 ) are the emission (548nm) and absorption (980nm) peaks areas, respectively. A ratio of 1.605 (>1) was obtained; this value demonstrates the improvement of the emission efficiency after sulfurization. This amelioration is ascribed to the elimination of the oxide and oxysulfate phases which interfere in the phenomenon of the up-conversion by decreasing its intensity. Moreover, increased crystallinity induced by the post-annealing treatment at 1000°C for 2h can advantageously yield an increased efficiency of the phosphor particles, hence the importance of the sulfurization step. In addition, according to the emission decay curves of the 4 S 3/2 → 4 I 15/2 transition for powders before and after sulfurization ( Fig. 13 and Fig. 16 ), the increase of lifetime after sulfurization indicates a suppression of non-radiative relaxation due to the elimination of by-products, which can explain the increase of emission efficiency. 
Conclusions
In this study, a combustion method has been successfully developed, for the first time, for the production of The synthesis procedure and post-treatment developed in this study produced highly efficient La 2 O 2 S:Yb 3+ ,Er 3+ up-convertors which may find promising applications and developments, in particular as a novel generation of luminescent labels. 
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